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Water Extraction from Regolith/Soil
• NASA’s Advanced Exploration Systems ISRU Technology Project is 
evaluating concepts to extract water from all resource types
• Near-term objectives:
– Produce high-fidelity mass, power, and volume estimates for mining and 
processing systems
– Identify critical challenges for development focus
– Begin demonstration of component and subsystem technologies in relevant 
environment
• Several processor types:
– Closed processors
• either partially or completely sealed during processing
– Open ‘air’ processors
• operates at Mars ambient conditions
– In-situ processors
• Extract product directly without excavation of ‘raw’ resource
Resource types
• Extraction and processing hardware will be dependent on type of 
resource targeted
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Processor Selection Dependent on Several Factors
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Percentage	of	water/ice	mixed	with	soil
(100%	=	pure	water	or	ice;	0%	=	dry	soil)
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Screw Conveyor Drive Processor Concept
• OBJECTIVE: 
Develop Screw Conveyor Dryer (SCD) sized to provide Mars Ascent Vehicle (MAV) 
propellant requirements by capturing water vapor formed during the drying of soil
• Based on terrestrial SCD technology of minerals and ores
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Drawing modified from: United States Patent #5531034 “Horizontal Dryer Having a Screw Conveyor and Ring Electrical Heating Elements”, July 2, 1996.
Screw Conveyor Drive Processor Concept
• Design features:
– Open to Martian environment to reduce system complexity
• Rover can continuously add soil to hopper
• Pressure maintained in SCD / Condenser by height differential (∆P) of soil in hopper
• Avoids isolation valves into/out of SCD to build pressure (complex controls, additional mass, cycles)
– Elimination of CO2 sweep gas reduces dust particles in water condensate 
– Condenser sized to liquefy water vapor at Martian atmospheric conditions
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Screw Conveyor Drive Processor Concept
• Model developed to evaluate key design parameters:
– Geometry: conveyor diameter, screw diameter, shaft diameter, flight spacing and pitch
– Operational: screw speed vs screw length (residence time)
– Thermal: heat flux, heat transfer to soil
• Testing to demonstrate feasibility and performance:
– Phase I:  Polycarbonate casing with no heaters
• Determine how to feed soil into/out of SCD (soil seal to create ∆P)
• Test various outlet configurations (latch valve, spring, angled plate, etc.)
• Examine mixing, clogging, channeling, bridging, and dust effects based on RPM settings
• Determine transient time as function of screw shaft rotation
• Examine two screw pitch configurations
– Phase II:  Add heating elements, insulation, and condenser 
• Examine methods to heat soil based on energy input 
• Compare uniform versus non-uniform temperature profiles
• Determine H2O yield as function of residence time and temperature 
• Examine high temperature soil effect on seals, bearings, etc. 
– Phase III:  Thermal vacuum chamber testing (relevant environment)
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Open Processors
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Open ‘Air’ Processing Concept
• Excavate, extract volatiles, and dispose of soil in continuous process
– Deposit thin layers of soil on vibrating, heated plate
– Fans blow Mars ‘air’ over plate and sweep liberated moisture into 
condenser
– Dried soil falls off end of plate back to ground
• Key benefits:
– Eliminates need for repeated sealing with hot, dusty seals
– Eliminates granular/soil valves
– Uses Mars air as working gas
• Do not have to recover/recycle as the air is ‘free’
– Efficient and continuous heating / water extraction
• Direct heating of thin layers of soil
• Key challenges:
– Must heat soil to release temperature before end of plate
– Capture efficiency – amount of released water captured in condenser
• Accept that not all evolved water will be captured 
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Solid Works Model of Open Reactor Design
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Scale
Soil collection bin
Vibrating heated tilt tray 
spreads and heats soil 
creating down-slope soil 
progression.
Tray Shroud
BWA supplies 
simulant soil from 
supply bin and 
deposits onto tilt tray
Soil supply bin is
hinged and rotated for 
engagement with the BWA
Soil deposited onto tilt 
tray by Bucket Wheel 
Assembly (BWA)
Soil spreads out and 
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tray for vibration
Open ‘Air’ Processing Concept
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Tension springs keeps regolith in source 
bin in contact with bucket wheel assembly
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External Condenser
• Condensing tube with cooled copper center tube
– External refrigeration cools captured vapor to 0 °C to condense
– Mounted with 10° tilt to flow condensate into collection tube
• Vertical collection tube with scale to measure collected water in real time
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Soil Transport Test at 4 RPM
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Hydrated Simulant
• Borax decahydrate (BDH) added to GRC-3 
simulant for a total extractable water content 
of 3% by mass
• Na2B4O7·10H2O
– Eight water molecules exist as crystal water 
and can be released at temperatures 
between 59 and 150 °C
– Remaining two water molecules can only be 
removed by molecular decomposition
• Heated 200 gm of BDH to 150 °C
– Final mass = 180 gm (20 gm H2O released)
– Captured ~13.5 gm H2O
– Capture efficiency ~67.5%
• Dehydrated Borax has increased surface area 
and decreased bulk density – i.e., it ‘puffs up’
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Before
After
Hydrated Mineral in Soil Test
• 200 gm Borax decahydrate added to 2000 gm GRC-3
– About 3.4 % extractable water (assuming 8 of 10 H2O molecules)
• Soil dumped onto heated tilt tray with tray vibrated in pulse-mode to 
increase residence time ensuring soil is heated to target temperature
– Tray temperature drops as each bucket of cold soil is dropped
– Chamber pressure jumps with each bucket indicating volatile release
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Preliminary Results of Open Air Soil Processor
• Four tests processed 440 – 500 gm of simulant doped with Borax 
decahydrate
– Average water capture of 8.3 gm in ~ 30 minutes (16.5 gm/hr) (about 
1/50th full scale rate)
• Pulse-mode used to increase residence time as tilt tray length limited by 
chamber size
– Early tests showed soil moved too quickly across tilt tray in vacuum and 
did not reach desired temperature
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Test
Soil	
Processed	
(gm)
Extractable	
Water
(gm)
Water	
Captured	
(gm)
Capture	
Efficiency	
(%)
Tray	Temp,	
Ave
(°C)
1 446 15.3 7 46 151
2 488 16.8 9 54 161
3 444 15.3 9 59 162
4 497 17.1 8 47 161
Average 469 16.1 8.3 51 159
PRELIMINARY	RESULTS
In Situ Processors
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In-situ Processors
• Extract product directly without excavating raw resource
• Several concepts have been proposed
19
In-Situ Processors: Current Status and Future Work
• At least one relevant terrestrial example of in-situ processing (the Rodriguez Well) with 
substantial operational history and associated technology
– Both concept of operations and basic technology appear adaptable for Mars missions
– Current focus of in-situ processor model development to estimate mass and power/heat 
needed for this concept; other concepts are part of future work
• Parameters driving system performance
– Depth of overburden covering/protecting ice deposit
– Total quantity of water extracted
– Rate at which water is extracted
• Challenges and uncertainties
– Subsurface profile and properties of overburden layer and ice body (e.g., proportion and 
properties of intermixed soils or other impurities).
– Can the Rodwell concept operate at Mars ambient pressure? Or is pressurization needed?
– Maintaining subsurface water pool requires continuous monitoring and adjustment of this 
recirculating water system.  Remote operations procedures need refinement/customization
• Future work
– Current simulation based on terrestrial applications; some parameters are empirical.  
Environmental chamber testing may be required to determine equivalent Martian parameters
– If simulation results continue to look favorable, adapting and testing terrestrial systems under 
Martian conditions will be next step
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considered if no portion of the rim had been breached or eroded to
the level of the adjacent unit. Ice-related flow features found with-
in craters with rims that are breached at any point were segregated
into a separate category and assessed for potential infilling of ice/
debris from a regional ice field. A conformal projection was neces-
sary to preserve angles at all latitudes, so all mapping of flow ori-
entation was conducted in a Mercator map projection. Previous
studies have determined the necessary requirements for mapping
ice-related flow on Mars, so we utilized the criteria listed by Head
et al. (2010). Among the 14 criteria that they defined, several
provide information not simply about the presence of ice, but the
orientation of flow. These include: (1) parallel arcuate ridges trend-
ing away from the host crater wall (Fig. 1c); (2) constriction of flow
between obstacles; (3) broadening of arcuate ridges on unob-
structed plains; (4) folding and deformation of broad lobes into
smaller lobes; and (5) integration of multiple smaller lobes into
larger lobes (Fig. 2a). Rare instances where flow was apparent
but the direction of flow was ambiguous were not included in
the orientation measurements. A line indicating the direction of
flowwas mapped for each individual lobe that we observed. Hence,
a suite of smaller individual flows would be statistically amplified
in our study, relative to a broader lobe of material. Each line indic-
ative of flow was traced back towards the host crater wall, where
the orientation measurement was made. Thus, depending on the
original source of the ice, we are either measuring (1) where ice
accumulated on the wall and the direction of localized flow, or
(2) the direction from which ice overtopped the crater from the
surrounding plains, with the steep crater rim providing a source
for rock-fall and debris-cover not available on the adjacent plains.
Considering that present topography on ice-related flow features is
not necessarily indicative of topography at the time of maximum
ice-volume (Dickson et al., 2008, 2010), only surface morphology
was used to evaluate flow direction.
3. Results
Our survey provides the most complete map of the distribution
of ice-related landforms yet constructed for the mid-latitudes of
Mars. Fig. 3a shows the mid-latitude distribution of all CTX orbits
Fig. 3. (A) The distribution of ice-related flow features (LDA, LVF, CCF) in the mid-latitudes of Mars (20–60! in each hemisphere). Each dot represents the center coordinates of
a CTX frame that contains any features known to be the product of ice-related flow. A footprint map of all CTX images included in the survey (through mission phase B09) is
rendered in white to show where targeting heterogeneities could potentially influence data accumulation and interpretations. Ice-related flow is abundant in each
hemisphere poleward of 30!, particularly where steep topography occurs. Map projection is Robinson. (B) The distribution of flow features confined to the interior of impact
craters with fully intact rims in the mid-latitudes of Mars. Each dot represents a mapped feature from our survey. The distribution of flow features within impact craters is
identical to that of ice-related flow features as a whole in the mid-latitudes, suggesting that there is nothing intrinsic to the impact process itself that enhances or inhibits
glaciation on Mars. Craters that show evidence for flow out of (yellow) or into (green) are displayed here but were not used for orientation calculations, as they did not contain
intact rims. Map projection is Robinson; measurements were made in Mercator projection. Background map is MOLA color topography over a global MOLA hillshade map.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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M rtian Water Source
• Martian	geological	features	suggest	evidence	for	large-scale	mid-
latitude glaciation (“ice	ages”),	potentially	driven	by	changes	in	
obliquity	of	planetary	rotation	axis
• MRO	SHARAD	radar	took	soundings	of	“lobate	debris	aprons”	
(LDAs)	in	southern	and	northern	regions
• Radar	properties	completely	consistent	with	massive	water	ice
(100s	of	m	thick,	>90%	pure)	covered	by	relatively	thin	(0.5	- 10	m)	
debris	layer [Holt,	et.	al.	2008]
had similar atmospheric conditions. We th n took the ratio of these corrected I/F values. This corrected ratio is
shown in Figure 9c and compar d with the rati expected due to the known lighting differences. The observed
changes are much greater than can be explained by the slight difference in lighting.
The timing of fading and shrinking can be complex; image series unambiguously demonstrate progressive
fading and shrinking of ice patches during the summer, but in several cases, there are dramatic changes
between the last summer image and the ﬁrst of the following spring (e.g., Figure 10). This is particularly
common at latitudes above ~50°N. Such changes could be due in part to late summer sublimation, but it is
also likely that in some cases, the ice is buried by thin layers of dust over the course of the winter, perhaps
incorporated into the seasonal CO2 cap (see section 5.2). Figure 11 summarizes the time scales for ice per-
sistence in the largest crater at each site, based on interpretation of HiRISE observations. Images were
stretched for contrast and material that was relatively bright in the HiRISE BG band (“white” or “blue” in en-
hanced color) was interpreted as ice. A signiﬁcant fraction of images were interpreted as ambiguous, due to
shadowing or the fact that we are observing small patches of ice that disappear in a gradational manner.
A particularly interesting change occurred at site 7, where blocks of ejecta material shrank or disappeared
during the monitoring period (Figure 8 and Animation S1 of the supporting information). These blocks range
up to meter scale. In all but one case, they were not visibly icy based on HiRISE color data, which may indicate
that they developed an opaque sublimation lag between the impact and acquisition of the ﬁrst HiRISE image,
but the blocks are barely resolved and the BG and IR channels in the initial image were acquired at lower
resolution, 60.8 cm/pixel. Sublimation rates on exposed blocks are likely to be signiﬁcantly higher than on
level surfaces, particularly on the Sun-facing sides, so a lag could develop more quickly. The blocks protrude
into the wind and rest on top of insulating regolith, which would also speed sublimation.
5.2. Changes to Dark Blast Zones
There is a distinct latitudinal dependence to the behavior of dark blast zones. Below ~50°N, they may slowly
fade over time but can remain quite distinct for at least several Mars years. Above ~50°N, the dark blast zones
typically disappear entirely or even become brighter than the surroundings within the ﬁrst winter after the
impact. The most likely explanation for this is that they are reworked by the seasonal polar cap, a mixture of
Figure 10. Changes at site 9 over time. Over the initial summer after impact, the ice (a) fades and (b) shrinks somewhat. It is then essentially
invisible at the start of the following (c and d) spring before (e) rebrightening and (f) fading again. All images have been given an approx-
imate correction for atmospheric haze by subtracting the I/F value of the darkest pixel in the scene and then given identical stretches over
the same range of corrected I/F. This atmospheric correction is imperfect, which may account for some of the variation in the appearance of
the ground around the crater. The rest is likely due to different lighting angles. (Figures 10a–10f: HiRISE images ESP_017868_2440,
ESP_018646_2440, ESP_024949_2440, ESP_025516_2440, ESP_026505_2440, and ESP_027982_2440. North is up, and light is from the l ft
in all images.)
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4 Fresh impacts	detected	by	MRO	HiRISE	imager	actually	show
excavated,	clean	ice	(~1%	regolith	content),	verified	by	CRISM	
spectrometer
4 Majority	of	craters	showing	ice	in	mid-latitudes	correspond	to	the	
suspected	glaciers	(LDAs),	estimated	excavation	~2	m
hydrogen concentrations within about 1 m of the Martian
surface, these deposits could be thicker, and therefore the
total water inventory of the observed deposits could be
significantly larger.
[43] Another interesting feature of the high-latitude H2O
deposits is illustrated in Figure 12. Here, zonal averages of
H2O calculated from quasi-equal area data (equivalent to
5! ! 5! areas at the equator), are plotted by a black solid
line that overlays lower-limit H2O fractions for all equal-
area samples. The red line gives the zonal averages with the
sign of latitude reversed. This presentation reveals several
aspects of the data alluded to earlier. First, there is a sharp
break at ±50! latitude (delineated by two vertical dashed
lines) between relatively low hydrogen abundances at near
equatorial latitudes, and relatively high abundances at
higher latitudes. Second, the relative maximum at about
±70! latitude is seen in both the north and south polar
terrains as increased dispersions in H2O abundance. Third,
there is a marked difference between H2O abundances
poleward of ±80! (delineated by two vertical dashed lines)
that is explained by water ice residual caps that are bare near
the surface in the north, and covered by a relatively thin
veneer of CO2 ice in the south. And lastly, the average H2O
abundance of high-latitude terrains between +50! and +80!
latitudes in the north is nearly equal to that between "80!
and "50! latitudes in the south.
[44] Although there appears to be more water ice in the
south, our uncertainties are sufficiently large (roughly ±15%
relative uncertainty) that they are equal within errors. This
result differs from that derived from an analysis of HEND
data [Mitrofanov et al., 2003], where more water ice is
inferred in the north than in the south. Although we do not
know the origin of the surprising latitudinal symmetry
derived from the NS data, the large difference in topography
between north and south [Smith et al., 1999], the marked
differences in the geologic structure, and differences in
aqueous history on geologic timescales of the northern
and southern high-latitude terrains [Carr, 1996], suggests
that none of thes can e c trolling factors in t e present
zonally averaged disposition of gr und ice at high latitud s.
Instead, th north-s uth symmetry in inferr d ground ice
and its strong latitude dependence suggest that the structure
of high-latitude ground ice as seen in neutrons most likely
reflects the latitudinal dependence of soil temperature and
an equilibrium with the long-term water vapor content of
the at osphere.
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4 Mars	Odyssey	gamma	ray/neutron	spectrometer	confirmed	previous	
predictions	of	extensive	ground	ice	within	one	meter of	surface
– Poleward	of	50°N	and	S
– Concentration	highly	variable	~20-90%
– Cryosphere	estimated	to	be	5-15	km	thick	[Clifford,	et.	al.	2010]
4 Predictions	and	orbital	measurements	confirmed	by	Phoenix	Lander	
(68°N)
– Ice	excavated	at	2-6	cm,	up	to	99%	pure
From Feldman, et. al. 2004.
To	date	Mars	Express	MARSIS	and	Mars	Reconnaissance	
Orbiter	(MRO)	SHARAD	radars	have	failed	to	detect	any	
indications	of	liquid groundwater	within	200-300	m	of	the	
surface	anywhere on	Mars	[Clifford,	et.	al.	2010]
However:
Subsurface Water Well Development: Rodwell Approach
Hot
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Hot	water	in
Cold	water	out
Phase	1: Drill	through	
overburden	into	top	of	ice.
Phase	2:Melt	into	ice.		Begin	
forming	water	pool.
Phase	3: Steady	state	operation.
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Ref:	Hoffman,	Stephen	J.,	Alida	Andrews,	B.	Kent	Joosten,	and	Kevin	Watson,	“A	Water	Rich	Mars	Surface	Mission	Scenario,”	2017	IEEE	
Aerospace	Conference,	Big	Sky	MT,	March	5-12,	2017.
A	power	level	of	approximately	10	kW	generates	liquid	
water	at	about	the	rate	at	which	it	is	being	withdrawn	The	
water	pool	remains	at	approximately	a	constant	volume
For	power	levels	below	approximately	10	kW,	
water	is	being	withdrawn	faster	than	it	is	
melted	and	the	well	eventually	“collapses”
Water Extraction from Regolith/Soil - Summary
• Several concepts for extracting water from icy soils on the moon and Mars 
are being evaluated both analytically and experimentally
• Auger-dryer based on terrestrial dryers
– No sweep gas needed
– Requirement to trap evolved gases in low pressure environment requires 
analysis and testing to determine feasibility and performance
• Open air dryer
– Trade system complexity vs capture efficiency
• Preliminary data indicates ~ 50 % capture of water from sodium borate 
mixed in with simple soil simulant
• Deep ice mining
– Evaluating Rodwell concept in more detail to understand operation in Mars 
environment
Ultimate choice of processing hardware will be dependent on 
resource type, quantity of water required, and time for processing
Acknowledgements
25
The authors gratefully acknowledge the contributions of the following people:
Paul B. Niles, NASA JSC
Lara A. Oryshchyn, NASA JSC
